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I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) is a new type of modulation used in recent broadband communication systems such as WiMAX and LTE in the down link. The main advantages of OFDM compared with other multiplexing techniques like CDMA and TDMA are high spectral efficiency and robustness against inter-symbol interference (ISI); however the OFDM signal has a critical drawback called peak-to-average power ratio (PAPR). In this paper, the PAPR issue is studied and the techniques to overcome it, will be investigated [1] , [2] . In order to overcome the PAPR, several techniques have been proposed. Some of the main techniques are selected mapping (SLM) [3] , partial transmit sequence (PTS) [4] , ROFM [5] and dummy sequence insertion with partial transmit sequence (DSI-PTS) [6] . All of these techniques are in the category of distortion-less PAPR techniques.
SLM is one of the most effective techniques for crest factor reduction (CFR) whereas its total complexity outperforms the other techniques [7] . However in the conventional SLM (C-SLM) method, the computational complexity increases significantly due to the increase in the number of IFFT. Several techniques have been proposed to decrease the complexity of C-SLM [8] , but most of them were not able to achieve the same PAPR performance [9] - [10] .
In this paper a robust SLM scheme called recursive optimum frequency domain matrix (ROFM-SLM) is proposed which decreases the complexity of the C-SLM dramatically while at the same time enhance the PAPR performance.
This paper is organized as follows. Section II presents briefly the OFDM signal generation and PAPR formulation. Section III presents the proposed ROFM-SLM scheme for the PAPR reduction in OFDM systems and some discussions about the complexity of the proposed scheme. Section IV and V discuss the simulation results and present the conclusion, respectively.
II. PAPR DEFINITION
In OFDM systems, initially the input data samples are first modulated by phase shift keying (PSK) or quadrature amplitude modulation (QAM), and by using IFFT at the transmitter side and FFT at receiver, those samples are converted to time domain and frequency domain, respectively. IFFT is used to generate orthogonal data subcarriers from the input samples. The complex baseband OFDM signal x(t) in one symbol period can be represented by [1] :
where X(k) is the input data symbol of kth subcarrier, N is the number of subcarriers, f  is the frequency separation between adjacent subcarriers and T is the OFDM symbol duration. The PAPR (in dB) of the transmitted OFDM signal can be given as [5] :
where E [.] is the expected value operator.
The theoretical maximum value of the PAPR for N number of subcarriers is as follows:
PAPR is a random variable because it is a function of the input data, and the input data is usually random. In order to analyze the PAPR value, level crossing rate theorem can be applied. This is achieved by calculating the mean number of times that the stationary signal crosses a given level. As the amplitude distribution of the OFDM output signal is known, it is feasible to compute the probability of the OFDM signal above a given threshold. This is performed by calculating the complementary cumulative distribution function (CCDF) for different PAPR values as follows:
where PAPR 0 is the threshold value. Here, the additive white Gaussian noise (AWGN) is used to model the channel. As OFDM systems use standard digital modulation formats to modulate the signal, PSK and QAM are selected here due to their error resilience. The most important block in OFDM system is the IFFT. IFFT creates orthogonal subcarriers from the input modulated signal, this is done by applying the exponential function called twiddle factor.
The bit error rate (BER) or bit error probability P be in an AWGN channel is given by [8] :
where M is the modulation order, k=log 2 (M) is the number of bits per symbol, and Q(.) is the Gaussian Q function defined as [8] :
In this paper, the performance of ROFM-SLM PAPR reduction technique is examined against the conventional SLM, in terms of BER against the normalized signal to noise ratio (E b /N o ) is analyzed.
III. PROPOSED CFR SCHEME

A. The Proposed ROFM-SLM Scheme
Here a new scheme called recursive optimum frequency domain matrix (ROFM) is proposed. The recursive term is coming from the fact that the optimum matrix is updated by each input symbol generation and PAPR value. It should be noted that the matrix is created in the frequency domain. Fig.  1 shows the block diagram of this scheme. In the ROFM-SLM scheme, first the matrix of optimum frequency domain signal with minimum PAPR is generated offline and is stored in the Look-Up Table ( LUT). The size of this matrix depends on the number of OFDM samples that is assigned to the specific user and also the number of sub-carriers N. By generating the input signal, each row of this matrix will be selected in a recursive loop. The selected vector from the matrix is converted in time domain by using one IFFT unit and its PAPR is expected to be a signal with low PAPR. The elements of the ROFM matrix can be derived as follows:
where B is the optimum phase sequence that is generated from the phase sequence matrix and X is the input signal. The ROFM matrix generation is done offline where the optimum phase sequence matrix is created first based on the C -SLM method as follows:
where U is the number of sub-blocks and N is the IFFT length. If the matrix in (8) is created with higher number of subblocks (U), the PAPR performance will be much better, but here U=16 has been adopted. Based on the optimum phase sequence in (8) , the optimum signals of ROFM matrix can be computed offline. The process is performed by choosing the optimal frequency domain matrix B  by recursive searching as follows:
After obtaining the optimum B  , this signal is passed to the next block.
To find the optimum B  , an exhaustive search for (V-1) phase factors shall be performed since one phase factor can remain fixed, b 1 =1. Hence to find the optimum phase factor, W V-1 iteration should be performed, where W is the number of allowed phase factors. The main design challenge to implement this scheme is extraction of the data stream at the receiver side, because the input data stream is transferred to the pre-calculated vector that was generated offline. To perform this, the phase sequence vector has to be obtained each time the input signal is generated. The phase sequence is given by:
whereX is the vector of the optimum input signal with minimum PAPR and X is the input signal representation. It should be noted that the computed phase sequence from (10) is rechecked to obtain acceptable CFR according to predefined threshold. By sending the phase sequence vector as side information along with the input signal, the source signal can be retrieved at the receiver. This procedure is shown in Fig.  1a . The threshold value for PAPR is assumed here to be 7 dB, due to the standard requirements [9] . At the final stage of the transmitted side, the optimum signal from the ROFM matrix and the extracted phase sequence are multiplexed and transmitted. Fig. 1b shows the receiver block diagram of the ROFM-SLM. The received signal is forwarded to the FFT unit and by dividing the extracted phase sequence to FFT output, the original signal is recovered. By applying ROFM-SLM scheme, the complexity reduces significantly at the expense of a slight Bit Error Rate (BER) degradation.
B. Computational Complexity
The main issue in the complexity of the proposed method is the computation of the phase sequence based on (10) which requires calculation of the inverse of the input data stream. As there is no divider block in the hardware to prototype the actual scenario, then this should be done by other blocks. If X is a complex signal denoted as X=I+jQ, the computation of Z= 1/X is performed as follows:
This requires two complex multiplications, one complex addition and two divisions. It should be highlighted that one complex multiplier is equivalent to 4 real multipliers and 2 real additions.
The total complexity of the C-SLM and C-PTS with oversampling factor F=1 are given respectively as [9] :
In (12) and (13), the total complexity comprising of the complexity due to IFFT, PAPR calculation and complex multiplication of phase sequence, and in C-PTS, the complexity of searching for optimum phase sequence, are respectively considered.
In the proposed scheme, this value is given by:
While the total complexity of the DSI-SLM scheme is given as:
where L is the length of dummy sequence applied in DSI-SLM.
To compare between ROFM-SLM, DSI-SLM and DSI-PTS [8] , the total complexity of the DSI-PTS is extracted as follows:
where W is the phase factors orientation assumed to be W=4. Table 1 shows the computational complexity reduction ratio (CCRR) [8] for both ROFM-SLM and C-SLM methods. It could be seen that the CCRR is enhanced for all values of U except for U=2. Table 2 shows the total computational complexity comparison between ROFM-SLM and the recent PAPR techniques, DSI-SLM and DSI-PTS respectively. From this table, it is clear that the proposed ROFM-SLM outperforms the other two techniques.
C. Side Information
The other important aspect in designing the PAPR reduction method is of the side information. The side information on C-SLM needs to be transmitted to the receiver in order to enable receiver to retrieve the source signal. One solution is to send the side information via a separate channel but this reduces spectrum efficiency.
In the proposed ROFM-SLM, the side information is represented by the phase sequence in which for each OFDM symbol, the phase sequence are generated and multiplexed with the signal that is generated from the ROFM matrix. Authors in [10] proposed a coding technique in order to eliminate the transmission of side information. In ROFM-SLM these codes can be applied which lead to less number of side information. The length of the phase sequence is the same as the original signal denoted as N, hence the direct effect of sending the side information with the signal is data rate degradation. However, compared to the conventional SLM which requires memory to save the phase sequence matrix, here the memory is allocated to the ROFM matrix. Hence, in terms of the memory space requirement both techniques are the same.
IV. NUMERICAL ANALYSIS
In order to evaluate and compare the performance of the proposed scheme with C-SLM, simulations have been performed. QPSK modulation with an IFFT length of N=256 for the design has been selected. To obtain the complementary cumulative distribution function (CCDF), 10 4 random OFDM symbols have been generated. The graph in Fig. 2 compare the CCDF performance of ROFM-SLM against that of C-SLM. The graphs are shown for U=2,4,8 and 16 respectively. It can be observed that the PAPR reduction for the ROFM-SLM scheme is slightly less than that of the C-SLM when U=16, but it is significantly enhanced when compared at higher number of sub-blocks. For example for U=16, the PAPR performance of ROFM-SLM is almost the same as the others, but it gives around 86% reduction in total complexity as shown in Table 1 . Fig. 3 shows the CCDF comparison of the ROFM-SLM scheme, DSI-SLM when U=2, 4, 8, 16 and DSI-PTS when U=2, respectively. The comparison shows that the PAPR reduction of the ROFM-SLM is almost the same as DSI-SLM at U=8 while DSI-SLM at U=16 shows slightly more PAPR reduction. However the complexity of ROFM-SLM for all U is significantly less than that of the DSI-SLM. It is also shown that the PAPR performance of ROFM-SLM outperforms that of DSI-PTS while its computational complexity is even less. Fig. 4 shows a comparison of Bit Error Rate (BER) performance of the conventional SLM and the proposed ROFM-SLM in Additive White Gaussian Noise (AWGN) channels when IBO is 6 dB and 10 dB. It can be observed that the BER is slightly inferior with ROFM-SLM compared to C-SLM, but again ROFM-SLM excels in complexity reduction. The BER performance as expected is inferior when IBO=6 dB compared to IBO=10 dB, this is due to the fact that when IBO=6 dB, the power amplifier is working in more nonlinear region compare to the IBO=10 dB. 
V. CONCLUSIONS
A CFR scheme called recursive optimum frequency domain matrix (ROFM) is proposed which outperforms the C-SLM method on PAPR performance and BER Moreover, it has shown better performance in terms of complexity compared to C-SLM. The main drawback of ROFM-SLM scheme is its BER performance that is inferior. By applying this scheme the power efficiency of the system will be enhanced which results in power consumption conservation and cost reduction. The latter one is due to its less complexity among other CFR techniques.
